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Recent observations have shown  that in the frog kidney not all of 
the glomeruli necessarily receive blood, and  therefore function, at any 
one time  (1).  Conditions  were encountered  or were experimentally 
produced which caused  the  fraction  of the  total  existing  number  of 
glomeruli  taking  part  in  the  function  of  the  whole kidney  to  vary 
within wide limits.  These conditions  related  to volume or composi- 
tion of the blood or to the nervous control of the renal vessels.  By 
these  observations  an  experimental  basis  has been provided  for  the 
conception first presented by Hermann (2) 1 that one part of the excret- 
ing  surface of the  kidney might  rest while  another  part  was active. 
Our  understanding  of  the mode  of adjustment  of  renal  function  to 
excretory  requirement  has  been  extended  to  include  variability  of 
filtration  surface,  and  the  fashion  in  which  the  kidney  utilizes  and 
preserves its "factors of safety" has in part been revealed.  The frog's 
kidney was chosen for the experiments  upon which these statements 
are based because of its adaptability  to direct observation. 
Since the method of direct observation of the glomerular circulation 
has not yet proved successful when applied to the mammalian kidney, 
less direct methods are required in testing  the  applicability  of these 
1  Khanolkar's  (3)  ascription of  a  similar conception  to  Kobert (Kobert,  R., 
Arch. exp. Path. u. Pharmakol.,  1882-83, xvi, 361) appears to be erroneous.  Ko- 
bert called attention  (p. 389) to the unequal distribution  of iron in the kidney 
following intravenous injection of ferric acetate or citrate,  and cites the work of 
Wittich  (Wittich, K., Arch.  mlkr. Anat.,  1875, xi, 75) in support of the view that 
part of the kidney may be active while another  part  is inactive.  Both writers, 
however, had tubular and not glomerular function in mind. 
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results to the mammalian organ.  Khanolkar (3) has  already studied 
this  question  in  rabbits:  hemoglobin  was  injected  intravenously, 
the  kidney  promptly  exds~d,  and  the  hemoglobin-containing 
glomeruli in sections of the cortex counted.  His  conclusions concern- 
ing  the  "partial  activity" of  the  kidney  agree with  those drawn by 
Richards and Schmidt from direct study of the frog's kidney. 
The experiments here reported, while similar in design to those of 
Khanolkar, were carried out by different methods.  Intravital staining 
of the  glomeruli  by Janus  green B  has  been utilized  as  a  means  of 
identifying  those  through  which  blood  was  flowing  at  the  time  of 
injection,  and  an  expression  of  the  relation  which  this  number 
bore to the total number of glomeruli in the kidney has been obtained 
by an adaptation of Nelson's method.  Our results are in accord with 
Hermann's conception and the observations of Richards and Schmidt, 
and  confirm those of Khanolkar. 
Nelson's method (4) for enumerating the glomeruli in the mammalian kidney 
is an application of Bensley's technique for counting the islands of Langerhans in 
the pancreas (5).  It consists in perfusing the vessels of the kidney in situ with a 
solution of Janus green B, followed by a solution of ammonium molybdate.  The 
glomeruli  are stained intensely blue,  the tubules reddish  brown.  The cortex is 
then carefully dissected free from medulla,  weighed, and cut into suitable pieces. 
Several pieces are weighed and the glomeruli in  them enumerated.  The ratio of 
weight of the piece in which count has been made to that of the total cortex gives 
the basis for calculating the number of glomeruli in the cortex. 
In one experiment Nelson  cut the cortex of a rabbit's kidney into ten pieces 
and counted the number of glomeruli in each.  The total glomerular number was 
estimated from the count of each piece.  When the ten estimates were compared 
with the actual total obtained by adding the ten counts,  it was found that in six 
estimates the discrepancy between estimated and actual total glomeruli was less 
than 10 per cent: in the other four it ranged  from +19  to  -27.7  per  cent.  It 
was further shown in  three out of four of his experiments that the number of 
glomeruli in the two kidneys of the same animal is the same within the probable 
error of the method (greatest difference, 1.3 per cent).  Therefore, having found 
that Janus green B can be used successfully as an intravital glomerular stain by 
intraaortic injection, the following plan was outlined for determining the number of 
glomeruli patent to the blood stream under various conditions. 
After ligature of its vessels, one kidney (control)  was  excised from an  anes- 
thetized, eviscerated rabbit, perfused with Janus green B, and laid aside for sub- 
sequent estimate of the number of glomeruli in it, precisely according to Nelson's 
directions.  The desired experimental condition was then established in the animal, J.  ]~.  HA.YMAN~ J-R.~ AND  ISAAC  STARR~ JR.  643 
Janus green B injected into the aorta, and the circulation through the remaining 
kidney stopped by clamping  the aorta within  10  seconds after  the end  of the 
injection.  Its vessels were perfused with ammonium molybdate and the number of 
stained glomeruli in its cortex estimated by Nelson's method.  The ratio of this 
figure to the total number of glomeruli estimated in the control kidney was taken 
to represent the fraction of the total glomeruli through which blood was flowing 
at the time of injection of dye. 
The  three  chief items  in  this  plan  need  further  comment. 
1.  Nelson's ten estimates of the total number of glomeruli in a rabbit's kidney, 
based on counts of the ten sections into which the whole cortex was cut, varied 
from the actual number by from  +19  to  -27.7  per  cent.  Six,  however,  were 
within 9 per cent.  We have repeated this experiment. *  The cortex of a  kidney 
weighing 3.24  gin. was cut into sixteen  weighed  pieces.  The  glomeruli  in  each 
were  counted.  The  estimates based on the counts of eleven of the pieces were 
within 10 per cent of the actual total number; three were within 15 per cent, and 
two within 20 per cent. 
Using the data of these two experiments it is seen that the probability of select- 
ing a single piece out of the ten or sixteen into which the kidneys were cut, esti- 
mate from which should be correct within 10 per cent, is of the order of 60 per 
cent.  If, however, enough pieces are counted to yield three estimates which agree 
within 10 per cent of their mean, the probability that this is correct within 10 per 
cent is of the order of 120:1 and 560:1 respectively.  Most of the estimates re- 
corded in the accompanying tables were obtained by averaging three estimates 
which agreed among themselves within  10 per cent of their mean; in the highly 
constricted kidneys such agreement was n~t encountered, hence from four to six 
pieces of kidney were counted. 
2.  It is  impossible  to count accurately the unstained  glomeruli in  a  slice  of 
cortex taken from an intravitally  stained kidney; hence the decision to use the 
estimated total number of glomeruli in one kidney as the figure with which to com- 
pare the number of intravitaUy stained glomeruli in the other.  Justification of 
this way of obtaining an expression of the fraction of the glomeruli reached by the 
dye requires  proof that the total number of glomeruli in the two kidneys of the 
2 The data of this experiment are as follows:  Weight of cortex ---- 3.24 gin.; 
weights of pieces  into  which  cortex was  cut,  0.132,  0.203,  0.233,  0.282,  0.195, 
0.204, 0.288, 0.136, 0.196, 0.159,  0.229, 0.128, 0.237, 0.215, 0.239, 0.164 gm. 
Glomeruli in each piece  ~  4899,  7714,  8871,  9869, 6225,  5514,  10,078,  4386, 
6888, 5487, 6093, 4445, 7690, 6823, 7927, 5703; total  --- 108,612. 
Estimated total glomeruli from count of each piece ---- 120,025, 122,653, 123,307, 
113,494,  103,335,  87,121,  112,774,  104,386,  113,900,  111,386,  85,911,  112,459, 
104,584,  102,345, 107,015,  112,349; average of sixteen estimates,  108,568. 
Percentage  errors  of  individual  estimates:  +10.5,  +12.9,  +13.6,  +4.5, 
-4.8,  -19.8, +3.8,  -4.4,  +4.9, +2.6,  -20.8,  +3.5,  -3.6,  -5.7,  -1.0,  +3.5. 644  DISTRIBUTION OF  BLOOD IN  MAMM~xLIAN KIDNEY 
same animal is the same.  As has been stated, this was the case in three out of four 
of the rabbits studied by Nelson.  We have made three experiments specifically 
designed to test  this point, and in all three the glomerular estimate of the two 
kidneys was the same within less than 10 per cent (8.1, 4.7, 2.8). 3 
As a precaution, however, against gross error, which, in exceptional cases,  might 
arise from marked difference between the two kidneys, we have cut frozen sections 
from the intravitally stained kidneys in the majority of our experiments and have 
counted the stained and unstained in a total of 500 glomeruli.  The results of this 
method, which is essentially the same as that used by Khanolkar, are in general 
remarkably  concordant  with  those  obtained  by  the  other.  This  concordance, 
which is particularly marked in all of those experiments in which over 90 per cent 
of the glomeruli in the intravitally stained kidney were stained,  can be accepted 
as additional evidence that as a  rule in healthy rabbits the two kidneys contain 
approximately the same number of glomeruli. 
3.  The  dye Janus  green  B  possesses  definite  physiological  action  in  which 
constriction of renal vessels is included.  Hence, question arises as to the possible 
extent  to  which  the  renal  conditions  intentionally  established  may have  been 
distorted by the reagent used to reveal them. 
The first effect in our experiments which resulted from the injection of this dye 
into the aorta was abrupt decrease in kidney volume, obviously due to peripheral 
constricting action on renal  blood vessels.  This is  the only action which need 
concern us here,  for by the time the injected dye reaches other organs, action on 
which  might  indirectly  affect  the  renal  circulation,  the  glomerular  staining is 
accomplished.  That  the number of glomeruli  actually reached and  stained  by 
Janus green B is not less than that which it would have reached were it devoid of 
constrictor action is shown by the fact that the greatest degree of shrinkage of the 
kidney was exhibited in those whose vessels were dilated as a result of the action of 
caffeine  or NaC1; yet it is in precisely these experiments that figures show all or 
nearly all of the glomeruli to have been stained (see Fig. 1).  On the other hand, 
in some of the experiments  in which the renal vessels were  constricted by the 
action of adrenalin, injected before the introduction of the dye, very little further 
constriction by the dye occurred. 
In two experiments, we were successful in preventing shrinkage of the kidney 
by the dye,  in one  instance by almost simultaneous injection of blood into the 
aorta da  the central  stump  of the superior mesenteric artery;  in  the other,  by 
simultaneous injection of a carefully chosen dose of caffeine.  In neither  instance 
did the result differ widely from those of other similar experiments in which no 
such precautionary measures were adopted (see Figs. 2 and 3). 
s The data of these experiments are as follows: Experiment  i.  Glomeruli in 
right kidney,  178,179;  in left kidney,  169,955;  difference,  4.7 per cent.  Experi- 
ment 2.  Glomeruli  in  right kidney~ 192,945; in left kidney, 177,240; difference, 
8.1 per cent.  Experiment 3.  Glomeruli in right kidney,'177,544; in left  kidney, 
182,682; difference,  2.8 per cent. J'.  M'.  HAYM.ANj JR.~ AND  ISAAC  STARR~ JR.  645 
It  might  be  expected  that  the  introduction  of  a  constrictor  substance  like 
Janus green B  into the renal vessels would result in such immediate  closure of 
afferent arterioles that onward'passage of blood containing it into the glomerutar 
tufts would be arrested and glomerular staining prevented.  The facts mentioned 
above disprove this and direct observation of the reaction  of  the vessels  of  the 
frog's kidney to the presence of a  constricting substance in the blood shows the 
reason.  The vessels  contract in such fashion that first there is retardation in the 
normal blood flow,  then  slow  flow  of apparently  dilute  blood,  and  finally  the 
oozing of clear plasma through the glomerular vessels.  Only in instances in which 
the initial glomerular blood flow was very sluggish did abrupt  cessation of the 
current of fluid in the vessels occur.  In such instances, assuming Janus green B 
to be the constrictor substance studied,  the expected result would be staining of 
the afferent vessel without staining of the glomerular  tuft.  In a few preparations 
this result has been encountered but not with sufficient  frequency to affect the 
estimates. 
In a few experiments designed to control the results obtained with  Janus green 
B  we have substituted  India ink  4 as the vital dye.  The results of satisfactory 
experiments obtained with it confirm those obtained with Janus green B. 
Technique. 
Rabbits  used  exclusively;  preliminary  narcosis  with  urethane  by  stomach 
(2 gin. per kilo); ether during operation when necessary.  Tracheal cannula.  Blood 
pressure recorded from carotid artery by mercury manometer.  Gastrointestinal 
tract excised after ligature of its vessels.  One kidney was removed for total glom- 
erular count, according to Nelson's method.  Urine flow from the remaining kidney 
was measured by a  drop recorder,  connected with  the ureter.  In a  number of 
experiments an oncometer was placed on this kidney for recording changes in its 
volume during the experiment and during the injection of the dye.  The abdom- 
inal aorta, distal to the renal arteries, was tied, damped, and. a cannula  inserted 
pointing toward the heart. 
After the desired circulatory condition had been satisfactorily established,  0.1 
to 0.75 cc. of a solution of Janus green B in 0.9 per cent NaC1 was injected into the 
aorta either by a  needle thrust through its wall, or by a  cannula in the central 
stump of the superior mesenteric artery.  As soon as possible after the end of the 
injection,  circulation  through  the  kidney was  stopped  by  clamping  the  aorta. 
The renal vessels were immediately perfused, first with 15 cc. of warm 0.9 per cent 
4 India ink was not used in the majority of experiments for the reasons that in 
our experience glomerular staining by it is not uniformly accomplished, and its 
accumulation  in  tubular  vessels  is  apt  to  obsctire  the  glomeruli,  thus  making 
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NaC1 to wash out blood,  then with 5 per cent ammonium molybdate, through 
the cannula in the aorta. 
Both  kidneys  were  decapsulated,  weighed, ~ cut,  and  counted,  according  to 
Nelson's technique.  Any giomerulus containing a detectible amount of dye was 
counted as stained. 
In experiments numbered below 28, a 1.5 per cent solutionof ~anusgreen B 6  in 0.9 
per cent NaC1 was used:  in the rest, a saturated solution in saline was used.  This 
is somewhat less than 3 per cent.  0.75 cc. of this solution  injected into the aorta 
stained glomeruli  and afferent vessels intensely; 0.1  cc. stained them sufficiently 
to allow counting; 0.02 cc. did not stain glomeruli.  Glomeruli are not stained by 
intravenous injection of Janus green B.  A  mixture of dye and blood loses  its 
ability to stain glomeruli after standing a few minutes. 
Several experiments were abandoned because of gross pathological change in the 
kidneys.  The presence of a  few small depressed scars on  the  surface was not 
considered  sufficient  abnormality to warrant  giving  up  the  experiment.  His- 
tological sections of the kidneys of eight animals (50 to 57) showed no glomerular 
or vascular change. ~  Two (55 and 56) presented small areas of low grade inter- 
stitial nephritis.  Since in one of these a diuretic caused practically all the glomeruli 
to be stained, and in the other injection of adrenalin led to a low count, it seemed 
evident that pathological change of this type, common in rabbits, did  not  in- 
fluence the vascular reactions of the kidney. 
Distribution  of  stain  within  individual  glomeruli  varied  greatly. 
In  diuretic  kidneys,  the  great  majority  of  the  tufts  were  stained  a 
uniform,  deep blue.  In constricted kidneys many glomeruli  showed 
dye only in a spot of intense blue the diameter of which was about one- 
eighth that of the tuft, located near the entrance of the afferent vessel. 
In  other  glomeruli,  the  stain  was intense  in  half of  the  tuft,  fading 
toward the free border; in others only certain capillaries were stained. 
The glomeruli in the control (perfused) kidney were stained a  uniform 
deep  blue,  the  tubules  a  pale  reddish  brown.  Frozen  sections  were 
cut from two blocks of the  control kidney to check the  completeness 
of the staining.  In most instances, the number of unstained glomeruli 
encountered was less than  1 per cent. 
5 Weights of control kidneys are of little value because of different degrees of 
edema produced  during perfusion.  Intravitally stained kidneys, perfused with 
less fluid acquired less edema; hence,  weights are more nearly correct. 
8 In accordance with the recommendation of Bensley, the Janus green B made 
by H. A. Metz and Co. was used in these experiments. 
We are indebted to Dr. Morton McCutcheon for examination of these sections. j.  M.  HAYMAN,  JR.,  AND  ISAAC  STARR,  JR.  647 
Control Experiments (Table I). 
In order to  gain information concerning the number of glomeruli 
open to the circulation after preparation of the animal as described, 
nine control experiments were made in which no effort was made to 
TABLE  I. 
Estimations of Glomeruli Open to the Circulation under Control Conditions. 
.I 
kg.  ram. 
ltg 
15  F.  2.0  44 
tl  M.  2.0  60 
18  F.  1.9  76 
31  "  2.1  72 
50  "  3.0  84 
5I  "  1.8  78 
i2  "  1.7  70 
54  "  1.6  82 
;5  "  3.1  61 
t3  "  1,4  75 
37  M.  1.3  88 
39  "  1.8 100 
$9  F.  2.7  86 
trops 
pe.r 
mtn. 
5 
6 
In control 
kidney. 
Glomeruli stained. 
Percdnt- 
age  of 
stained 
glomerulJ 
in 
vitally 
stained 
kidney. 
108,612(T) 
135,753(4) 
204,176 (4) 
218,201 (3) 
221,194 (4) 
3  189,666(3) 
1  226,618(3) 
0.6  184,826(3) 
2.5  182,108(3) 
8  144,258(3) 
7  241,621 (3) 
II  117,693 (3) 
12  238,352(3) 
In vitally  ~ 
stained kidney. 
8 
Remarks. 
87,495(T)  80 i -- 
80,748(T)  59-  Oncometer. 
114,824(5)  56 i 55 
195,370(3)  89  93 
170,833(3)  77  85  Oncometer and renal bloo~ 
flOWo 
191,405(4)  10C  96  .... 
205,248(3)  911  91  "  " 
77,733(3)  42  31  "  " 
119,359(2)  65  72  Not eviscerated. 
111,608(3)  76  79  "  " 
213,490(3)  88  94 
98,813(5)  84  86 
162,646(3)  68  74 
India  ink  used  instead  o 
Janus green B. 
Fall in kidney volume pre 
vented  by  injection  o 
blood. 
Figure in brackets following the number of glomeruli indicates the number  of 
pieces of cortex counted.  (T) indicates a complete count of the whole kidney. 648  DISTRIBUTION  OF BLOOD  IN"  I~A~[ALIAN  KIDNEY 
alter  the  renal  circulation.  In  these,  the  number  of  intravitally 
stained  glomeruli  in  the  left  kidney  varied  from  42  to  100  per 
cent of the total number in  the right.  In six, however, the range is 
from 56 to 89 per cent.  These six include one (69) in which decrease 
in kidney volume was prevented by following the  dye injection im- 
mediately with  an  injection  of whole  blood,  kept  fluid  by heparin, 
from another rabbit. 
In addition,  two control experiments are included,  in which  India 
ink,  injected into  the aorta, was  used instead  of Janus  green B, and 
two others in which the animals were not eviscerated. 
In these a small incision was made through the abdominal wall, over the sym- 
physis, for the purpose of permitting the insertion of a cannula into the right ureter. 
The solution of Janus green B was injected into the aorta through a slender glass 
tube, attached to a syringe, the tip of which was inserted into the left carotid artery 
and pushed downward in this until it projected into the aorta.  Immediately after 
injection of the dye the abdomen was opened, the aorta clamped above the renal 
arteries, and the kidneys perfused with warm salt solution,  introduced by a large 
needle  thrust through the aortic wall below the renal vessels.  Before injecting 
the molybdate solution  v/a the aorta, the left renal artery was clamped.  When 
the molybdate injection was finished, the left kidney was excised, its vessels per- 
fused with Janus green B so that all of its glomemli might be stained and estimated 
according to Nelson.  Thus, in these experiments, while both kidneys received the 
dye intravitally, the left was subjected to additional treatment with it in order to 
stain those glomeruli not reached by intravital injection.  The numbers of glom- 
erull reached by the dye in the right kidney were 65 and 76 per cent, respectively, 
of the total numbers in the left. 
In eleven of this series of thirteen control experiments it is seen that 
the numbers of glomeruli open to the circulation range from 56 to 91 
per cent.  In this group are included one in which the renal vascular 
action of Janus  green B  was  overcome, two in which India ink was 
substituted for Janus green B, and two in which the animals were not 
eviscerated.  The range of values derived from frozen sections is not 
materially  different  from  that  derived  from  the  Nelson  method. 
The  results  at  once  testify to  the  adequacy of the method  and  are 
adapted for comparison with similar results in animals in which experi- 
mental alterations in the renal circulation have been induced. J.  M.  HAYM-AN~  JR.~  AND  ISAAC  STAI~  JR.  649 
TABLE  II. 
Estimations of Glomeruli Open to tt~ Circulation during Changes in Renal Circulation. 
Change  Change 
in blood  in urine 
pressure,  flow. 
kg.  ram. Hg  drops 
per mln. 
Glomeruli  stained. 
In control  In vitally  stained  kidney,  kidney, 
procedure. 
29  F.  1.6  62-122  5-0  214,100(3)  11,664(6)  1:10,000. 
30  "  2.1  80-124  7-7  293,996(3)  48,042(3)  1:10,000. 
32  "  1.3  70-96  2.5-2  221,383(3)  80,908(3)  i:100,000. 
33  M.  2.5  86-96  7-7  175,240(3) 142,839(3)  L:250,000. 
53  F.  1.6  92-102  1-1  200,606(4)  62,643(3)  1:100,000. 
r  and re- 
,d flow. 
56  "  1.5  94-140 1.5-0.5  219,378(3)  68,354(4)  1:50,000. 
er and te- 
d  flow. 
57  M.  1.7  89-130  14-0  196,043(4) 169,454(4)  1:25,000. 
65  "  2.0  120-184  1-0.5  162,736(3)  58,382(4) 
41  F.  1.4  63-136  3-0  109,931 (2)  28,911 (3) 
25  "  1.7  54-60 
22  "  2.3  76-11C 
143,149(3)  72,940(4) 
184,876(3)  17,383(5) 
191,087(3) 120,526 (3~  47  M.  1.~  100-112  1-0 
48  "  1.4  62-74  0.6-0  174,841(3)  86,563(3'~ 
216,716(3) 210,616 (3~  20  F.  1.7  88-50 
:er and re- 
t flow. 
1 : 10,000. 
kidney 
ffter Jan- 
L B  pre- 
1 : 10,000. 
k  instead 
green B. 
It  carbor 
,xide. 
stimula- 
planchnk 
[On. 
, in 2 rain 650  DISTRIBUTION  OF  BLOOD  IN  MAMMALIAN  KIDNEY 
TABLE  II--Concluded. 
Change  Change 
in blood  m urine 
pressure,  flow. 
Glomeruli stained. 
Percentage 
of  stained 
glomeruli 
in  vitally 
stained 
kidney. 
~;  In control  In vitally  ~  .o  ~o 
•  ~  kidney,  stained 
kg.  ram.  H~  drops 
~er rain. 
[2  F.  1.888-32-0  3-0  135,083(3)  127,480(3)  94  95 
[4  "  1.1  92-36  1-0  252,140(3) 163,338(3)  64  80 
t5  "  2.2  98-28  15-0  161,358(3)  46,935(4)  28  27 
!7  M.  1.4  80-90  0.2-46  179,613(3)  166,499(3)92  89 
!8  "  1.7  76-10~  1-54  172,302(3)  173,349(3)  100  100 
;5  F.  1.3  78-84  2-14  209,265(3) 208,320(3)  100  I00 
__  Experimental procedure. 
Bled 19 cc. in 1 rain. 
40  sec.  Allowed 
3  rain. to recover. 
Bled 15 cc. in 7 rain. 
"  33  "  "  6  " 
Caffeine  +  10  per 
cent NaC1. 
Caffeine  +  I0  pe~ 
cent NaCI. 
Caffeine  +  Locke's 
solution.  Oncom- 
eter  and  renal 
blood flow. 
Figures in brackets following the number of glomeruli  indicate the number of 
pieces of cortex counted. 
Experimental A Iterations in the Renal Circulation  (Table H). 
The means used to influence the renal circulation have been such as 
are known to cause marked change in it either by action on the vessels 
themselves  or  on  the  general  circulation.  Caffeine  and  NaCI,  or 
caffeine and  Locke's  solution  were  chosen  as  renal  vasodilators:  to 
induce  renal  vasoconstriction  or  lessening  in  renal  blood  flow,  we 
used adrenalin  in  various dosage,  COg inhalation,  stimulation  of  the 
splanchnic nerve, and hemorrhage. 
1. Vasodilatation.--In two experiments 20 rag.  of caffeine +  4 to  6 ce. of  10 
per cent NaC1, and in a third, 20 rag. of caffeine and about 15 co. of Locke's solu- 
tion were injected intravenously.  In each case, arterial blood pressure decreased 
slightly, subsequently rising to a little above its original level, and profuse diuresis 
occurred.  The kidney volume increased  greatly in Experiment 55, the only one J.  M.  HAYM.AN~ JR.j  AND  ISAAC STARR, JR.  651 
of the  three in which  all oncometer was applied.  Estimates of the number of 
glomeruli reached by injected Janus green B were 92,100, and 100 per cent respec- 
tively.  Practically identical figures were obtained in total counts of 500 glomeruli 
in frozen sections  of ithe  intravitally  stained  kidney (89, 100, and  100 per cent 
respectively). 
2.  Vasoconstriction.--In nine experiments, adrenalin in concentrations varying 
from 1:250,000  to 1:10,000  was injected into the ear vein at the approximately 
constant rate of 0.005 cc.  per second.  After the blood pressure had  remained 
constant at its increased  level for several minutes, the adrenalin injection contin- 
uing,  the Janus green B  injection was made.  Stained glomeruli  in the kidneys 
of these nine experiments numbered from 5  to 86 per cent of the total; in seven 
experiments the number was 36 per cent or lower.  One experiment was made in 
which India ink was substituted for Janus green B, the adrenalin dosage chosen 
being such  as to permit  the  expectation that  approximately 5  per cent  of the 
glomeruli  would  be stained;  the actual estimation showed  13  per cent  stained. 
Comparison of these figures with those in the control series (Table I) shows that 
in seven out of nine experiments, the number of open glomeruli was less than the 
lowest control figure. 
In Experiment 25,  the animal was made to breathe 10 per cent CO2.  Blood 
pressure rose from 54 to 60 mm.  The glomerull  stained numbered 50 per cent of 
the total.  In another experiment (22) a higher concentration (unknown), which 
caused much more marked rise of blood pressure,  reduced the number of glomeruli 
stained to 9 per cent of the total. 
Two experiments in which  the left splanchnic  nerve was stimulated, with re- 
sulting slight rise of blood pressure, showed staining of 63 and 49 per cent of the 
total number respectively. 
Four experiments were made to test the effect of hemorrhage.  In three of these 
the percentages of glomeruli  stained were high (64, 94, and 97 per cent); in only 
one was the percentage reduced below the figures of the control series (28 per cent). 
Relation of Renal Blood Flow to Number of Open Glomeruli (Table III). 
In eight of the  experiments already summarized,  estimations were 
made of total blood flow through the kidney by Livingston's method 
(6).  Dr.  Livingston  himself  conducted  the  work  of  applying  it 
in these animals, and we are deeply indebted to  him  for his  collabora- 
tion.  The method involves the periodic accurate measurement of the 
extent  to which  the  kidney swells  during  occlusion  of the  renal vein 
for exactly ½ or exactly 1 second.  Four of these experiments were in 
the  control  group,  one  in  the  caffeine,  and  three  in  the  adrenalin 
series.  The results are collected in Table III. 
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representative  to  add  as  much  as  we had  hoped  to  the  information 
derived without  the  aid  of blood flow estimations.  It happens  that 
the  control  experiment  in  which  fewest  glomeruli  were  stained,  the 
two controls in which the greatest number of glomeruli were stained, 
and  the  adrenalin  experiment  in  which  the  greatest  number  of glo- 
TABLE  III. 
Estimations of Renal Blood Flow and of Glomerular Blood Flow. 
o~  Blood flow.  -4 
~  ~  ~eyvolume  "  ~  ~  ~.  ~o~.. 
before  ~:~ 
I drops 
ram.  per  ¢,¢.  ¢c.  XI0"4 
gra.  //g  ¢~"  rain.  ¢c. 
50  ~.5  84  0  6  32.0  3.7  1.88170,833  77  Control. 
51  5.0  78  +0.1  3  20.0  3.3  1.04191,485100  " 
52  7.0  70  0  I  24.7  3.3  1.20205,248  91  " 
55  6.2  78  2  11.1  1.8  Beforediuresis. 
84  +0.65  14  16.8  2.7  0.81 208,320100  During  " 
i 
57  7.5  89  --0.I  14  22.6  3.0  Before adrenalin. 
130  -2.0  0  7.8  1.0  0.46169,454  86  During  " 
53  7.C  92  -0.05  1  13.4  1.9  Before adrenalin. 
•  102  -0.22  1  10.6  1.5  1.72  62,634 31  During  " 
~4  6.51  82  --0.1  0.6  7.7  1.2  1.00  77,733 42  Control. 
I  i 
;6  6.2  94  +0.22  1.5  13.5  2.2  Before adrenalin. 
140  --1.52  0.5  4.0  0.6  0.58  68,354 31  During  " 
meruli were stained are included in this group:  hence, four out of the 
eight experiments may be regarded as exceptional in  their respective 
groups from the  standpoint  of glomerular count. 
Despite  this  fact,  when  six  out  of the  eight  experiments  are  con- 
sidered,  a  rough  parallelism  is  seen  between  percentage  glomerular 
estimate  and  total  blood flow.  It is  scarcely  to  be  doubted  that  if 
blood flow figures were available in the other experiments this parallel- J.  M.  tIAYMAIq~ JR.,  AND  ISAAC STARR,  JR.  653 
ism  would be  much more  striking.  No  parallelism  exists  between 
percentage glomerular estimate and average rate  of blood flow per 
individual open glorherulus.  The trends of the two curves indicate 
rather  that  the fewer glomeruli open,  the greater is  the blood flow 
through each.  In the absence of sufficient data upon which a general- 
ization can be based, we may point out the fact that individual experi- 
ments show that individual glomerular blood flow may be  conspicu- 
ously high in kidneys in which less than one-third of the glomeruli 
are receiving blood. 
SUla~AR¥ Am) DlSCI~SSlOI~I. 
The results of thirteen control experiments, designed to show the 
number of gIomeruli in  the rabbit's  kidney open  to  the circulation 
under the chosen experimental conditions without intentional inter- 
ference, indicate the "normal" range to be from 42 to  100 per cent. 
Since ten of the thirteen results fall within the figures 56 and 89 per 
cent, we may take these figures as the chief basis for our discussion. 
Three experiments only were made in which renal vasodilatation 
was produced by caffeine and salt.  The percentage of open glomeruli 
found was in  every case higher than  any control  except one.  The 
results  show without  ambiguity  that  in  rabbits,  as  in  frogs,  renal 
vasodi|atation by caffeine is accompanied by increase in number of 
patent  glomeruli.  Our  prime  interest  lay  in  the  general  question 
rather  than in  the  action  of individual  substances in  the group  of 
vasodilators; hence this series was not extended further. 
Among the experiments designed to test the effects of renal vaso- 
constriction are to be found nine in which adrenalin was injected, two 
in which COs  was inhaled,  two in  which the  splanchnic nerve was 
stimulated, and four in which hemorrhage was induced.  Not all are 
of equal value  for our present purpose,  inasmuch as  the degree of 
certainty with which we can assume that renal vasoconstriction was 
actually produced is not the same in all 
Enough experience with the action of adrenalin on the kidney of the 
anesthetized  rabbit  is  available  to  permit  the  assertion  that  the 
dosages  used  in  the  nine  adrenalin  experiments were  sufficient  to 
insure constriction of renal vessels. 
Similar certainty exists in  the experiment in  which high  concen- 
tration of CO~ was used; less in the case of 10 per cent CO~. 654  DISTRIBUTION  O1  ~  BLOOD  IN  MAM~rALIAN  KIDNEY 
Stimulation of the splanchnic nerve in rabbits so frequently fails to 
produce results typical of direct constriction of renal vessels that we 
may regard the production of this effect in the two experiments in 
which this was done as doubtful.  In the perfusion experiments by 
Richards and Plant (7) the reactions of the renal vessels to stimulation 
of  the  splanchnic  nerve  resembled  those  to  intravenously injected 
adrenalin rather than to the direct excitation of constrictor fibers.  In 
six rabbits in which Livingston subjected the nerve to varying degrees 
of electrical stimulation, in one only was distinct constriction of the 
renal vessels produced, and in this a latent period of  45 seconds occurred 
between the beginning of stimulation and the production  of  effect,  s 
In one of our experiments a  rabbit was used in which the superior 
cervical sympathetic ganglion on  the  left side  had  been  extirpated 
months before.  During the stimulation of the splanchnic nerve the 
left pupil was observed to dilate, showing increased adrenalin secre- 
tion.  Hence, we are inclined to regard the two attempts to produce 
vasoconstriction by this means as having been largely unsuccessful. 
In one experiment only of the four in which hemorrhage was induced 
was  there  unmistakable evidence  of compensatory vasoconstriction 
which may have involved the renal vessels.  The blood pressure curve 
of this animal showed rhythmically occurring waves of the Traube- 
Hering type and dyspnea was noted.  In this the estimate of open 
glomeruli was 28 per cent.  9  In the other three experiments no such 
change occurred and no dyspnea was seen.  In pithed frogs, hemor- 
rhage alone of moderate extent is  less  apt  to lessen  the number of 
patent glomeruli than are any of the other constrictor agencies tried 
by Richards and Schmidt.  1° 
In  this  discussion,  therefore,  we  lay little  weight  on  the  results 
obtained in the two experiments in which the splanchnic nerve was 
stimulated and on those of the first three hemorrhage experiments. 
8  Personal communication. 
9  In this experiment the distribution of stained glomeruli throughout the cor- 
tex was unusual and suggestive. In the extreme outer third almost no glomeruli 
were stained, in the extreme inner third almost all were stained, in the inter- 
mediate zone a few were stained.  It is to be noted that in addition to vasocon- 
striction which presumably involved the kidney, arterial blood pressure in this 
experiment fell  to 28 mm. 
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The chief conclusion to be drawn from these experiments is  that 
which was anticipated from the observations of Richards and Schmidt 
on frogs, and of Khanolkar on rabbits; viz.,  that in the rabbit, renal 
vasodilatation  and  renal vasoconstriction are 
usually associated with increase and  decrease 
respectively in  number of glomeruli  through 
which blood flows (see Text-fig. 1).  Analogous 
changes apparently occur in the capillary path- 
way  in  individual  glomeruli.  Hence  renal 
function  in  mammals  may  be  altered  by 
changes in the extent of glomerular filtration 
surface to which the blood has access.  Other 
conditions remaining the  same,  it  is  obvious 
that  changes  in  extent  of  filtration  surface 
must result in proportionate changes in urinary 
output.  The  figures  for  rate  of urine  elimi- 
nation at  the time of injection of the  dye  in 
these experiments are in substantial agreement 
with these statements (see Text-fig. 2). 
Exceptions to our chief conclusion as stated 
have been encountered.  In Experiment 57, 86 
per cent of the glomeruli were open in a cop- 
stricted kidney which was excreting no urine: 
in Experiment  30,  16  per  cent were open in 
the kidney which was eliminating seven drops 
per minute: the outputs of the kidneys in the 
caffeine experiments were far higher than those 
of control kidneys in which comparable num- 
bers of glomeruli were open. 
In  considering  these  exceptions,  account 
must be taken of  the  fact  that  other  condi- 
tions  do  not  commonly  remain  constant. 
When  a  renal  vasodilator  is  introduced  we 
conceive not  only of possible  increase in ex- 
tent of accessible glomerular surface, but also 
of increase in glomerular pressure and increased 
cer~ 
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TExT-FIG. 1.  Percen- 
tages of open glomeruli  in 
the kidneys in 28 experi- 
ments.  I, renal vasodi- 
latation; II, control; III, 
renal  vasoconstriction. 
In  Column III,  black 
dots represent adrenalin 
experiments, circles CO2 
experiments, and the -{- a 
hemorrhage experiment. 
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Hence the response is greater than can be accounted for by  any one 
factor alone. 
A  basis  of experiment exists in support  of the belief that usually 
sufficient  differences  in  physiological  state  exist  among  the  small 
arteries and arterioles of the kidney so  that a  constrictor influence, 
exerted  equally  upon  all,  elicits  various  degrees  of  response  (1). 
Closure of some,  continuing patency of others,  results.  Blood flow 
and blood pressure in the glomeruli which are supplied by the vessels 
which remain open may be decreased, increased, or unchanged accord- 
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TExT-FIG. 2.  Relation of urine flow to percentage of open glomeruli in twenty- 
six experiments. 
ing  to  the  relation  between the  degree of reaction in  those  vessels 
and the height of arterial blood pressure.  It is  not  to be expected 
that  urinary  outputs  will  uniformly  vary  with  the  number  of 
glomeruli  remaining open.  Rapid  blood  flow  and  high  glomerular 
pressure in  relatively few glomeruli may result  in  more urine  than 
slow flow and low pressure in many.  This argument  is  implicit in 
Hermann's  original  statement  and  is  completely in harmony with 
the result of direct observation in the frog.  It is supported by the 
data of Experiment 30. 
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when 86 per cent of the glomeruli remained open.  The kidney in 
this  experiment was  highly diuretic before  the adrenalin  injection. 
We may, therefore, assume that all or nearly all of the glomeruli were 
open and that intermittent contractions of the arterioles were minimal; 
hence, that the physiological state of the vessels concerned was more 
nearly uniform than is conceived to be the case when only a fraction 
of the glomeruli are open and in which intermittent contractions and 
relaxations  must  be  pronounced.  Thus  a  relatively  uniform  con- 
striction was produced in all of such degree as  to lessen materially 
glomerular pressure and blood flow, but insufficient to actually close 
more than a few afferent arterioles.  In Experiment 33, the dosage of 
adrenalin was such as to permit the possibility that constrictor action 
may have been largely confined to efferent vessels (8). 
While the exceptional results have been discussed at greater length 
than has been devoted to the majority of experiments, we believe that 
they do not constitute adequate ground for criticism of the chief con- 
clusion as stated. 
CONCLUSIONS, 
1.  Intravital  staining of the glomeruli of the kidney can  be  ac- 
complished by Janus  green B  provided the solution of this dye be 
injected into the aorta. 
2.  In a  normal rabbit  the  two kidneys usually contain  approxi- 
mately the same number of glomeruli. 
3.  On the basis of these two observations, Nelson's method of esti- 
mating the number of glomeruli in a  kidney has been adapted for 
showing the number of glomeruli which are open to the circulation at 
the moment of injection of the dye. 
4.  This adaptation has been used to determine the number of open 
glomeruli in  the  rabbit's  kidney  under  various  conditions.  Wide 
variations in the number occur spontaneously and may be produced 
experimentally.  Hence the extent of surface of glomerular membranes 
to which blood has access is variable. 
5.  Caffeine and  salt  solution,  used  as  typical renal  vasodilators, 
cause the number of open glomeruli to increase.  All or nearly all of 
the glomeruli are open during the action of these substances. 
6.  Vasoconstrictlng agents, such as adrenalin and CO, inhalations, 658  DISTRIBUTION O]?  BLOOD  IN  MAMM&LIAN KIDNEY 
usually reduce the number of glomeruli open to the circulation.  If 
the vasoconstriction is pronounced the number of open glomeruli may 
be only 10 per cent, or less, of the total number in the kidney. 
7.  As a rule the number of open glomeruli, kidney volume, kidney 
blood flow, and urine elimination vary in the same direction; but there 
are  exceptions to this generalization. 
8.  A decrease  in kidney volume may be accompanied by one of the 
following  vascular  phenomena:  (a)  the  number  of  open  glomeruli 
may be reduced but the average blood flow per glomerulus continue 
high;  (b)  the  number of open glomeruli may remain high, the con- 
striction simply diminishing blood flow through them; (c) a  reduction 
in number of open glomeruli may be accompanied by a reduced blood 
flow through those still remaining open. 
We are indebted to Dr. A. N. Richards for the suggestion which led 
to this work, and for his collaboration in the preparation of this paper. 
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EXPLANATION OF  PLATES. 
PLATE 29. 
FIG. 1.  Experiment 55.  Injection of Janus green B during the action of caffeine 
Upper  curve  =  kidney volume.  Calibration  of  bellows  is  indicated.  Second 
curve =  blood pressure.  At A, 0.75 cc. of saturated Janus green B was injected 
into  the  aorta.  At  B  the  aorta  was  damped.  The  corresponding  points  are 
marked on the kidney volume curve.  In this experiment all the glomeruli were 
stained. 
FIG. 2.  Experiment 53.  Kidney volume, blood pressure, and urine.  Between 
the two parts of the figure injection of 1:100,000  adrenalin was begun  and con- 
tinued  to the end of the injection of Janus green B  at A.  At B  the aorta  was 
clamped.  31 per cent of the glomeruli of this kidney were stained. J.  M.  ttAYMAN, JR.~  AND  ISAAC STARR, JR.  659 
FIG. 3.  Experiment 65.  Kidney volume, blood pressure, and  urine.  Between 
the two parts of the figure  injection of 1:10,000  adrenalin was begun  and  con- 
tinued to the end of the injection of Janus green B at A.  36 per cent of the glomer- 
uli of  this kidney were  stained.  The solution of the dye contained 20 mg. of 
caffeine, which prevented further vasoconstriction by the dye. 
PLATE 30. 
Photographs of crushed pieces of cortex of vitally stained kidneys. 
FIG.  4.  Staining  of  glomeruli  and  arteries from completely stained  kidney. 
×44. 
FIG. 5.  Experiment 55 (caffeine); 100 per cent stained.  ×  52. 
FIG. 6.  Experiment 54 (control);  42 per cent stained.  ×  52. 
FIG. 7. Experiment  44  (hemorrhage);  64  per  cent  stained.  Distribution  of 
stained glomeruli in this preparation resembles that to which attention is drawn in 
the foot-note to page 654.  About ×  21. THE JOURNAL OF  EXPERIMENTAL  MEDICINE VOL. XLII.  PLATE 29. 
Fw,. 1.  FIG. 2. 
FIG. 3. 
(Haymaa and Starr: Distribution  of blood in mammalian  kldn~y.) THE JOURNAL  OF  EXPERIMENTAL  MEDICINE VOL.  XLII.  PLATE  30. 
FIO. 4.  FIG. 5. 
FIG. 6.  Fro. 7. 
(Hayman and Start: Distribution  of blood in mammalian kidney.) 